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I& JohnLaufer

A detailed,explorationofthefieldofmeanandfluctuatingq~
titiesin a hm-dimensionalturlxilentchsmnelflowis~resented.The
measurementswererepeatedatthreeReynoldsnumbers,E!,300,30,800,
and61,600,hsed onthehalfwidthofthechannelandthe~ mean
velocilq.A channelof>inchWdth and12:1aspectratiowm used.for
theinvestigation.

Mean-speedandaxial-fluctuationmeasurementsweremadewellwithin
theLminersublayer.The.semitheoretical.predictionsconcerningthe
extentofthelaminarsubleyerwereconf@ed. Thedistributionofthe
velocityfluctuationsinthedirectionof.meanflow u’ showsthatthe
influenceoftheviscosityefiendsfartherfromthewallthenindicated
bythemeanvelocitiprofile,theregionof
matelyfourtimesaswide.

Fluctuationsperpendicularto theflow
directionsv’ and Wt, respectively,and

~
cientk = —— werealsomeasured.

influencebehg approxi-

inthelateralandvertical
thecorrelation~oeffi–

Theturbulentshearingstress

wascomputed”byt%reedifferentmethods.Theresultsshowsatisfactory
agreementforthetwolowerReynoldsnumbers.tithecaseofthehighest
Reynoldsnumber,however,thetotalshearingstressT” obtahedfromthe
fluctuationmeasurementswasapproximately20percentlowerthenthat
computed “fromthemea~elocity andmeabpresme measurements.All
dimensionlessmeanfluctuat3ngquantities‘werefoundto decreasewith
increasingReynoldsnuniber.‘Measurementsofthescalesofturbulencei+
and ~ endmicroscale~ofturbulence~ and & acrossthechannel
arepresenteda& theirvuiationwithReynoldsnumberisdiscussed.
Usingamewtechnique,valuesfor,themicroscale& wereobtained;a
newmethodforestimatingthescale1+ isalsogiven.

.
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Theenergybalanceb theturbulentflowfieldwascalculatedfrom “
themeasuredquantities.1’% thiscalculationit ispossibleto give
a descriptivepictureofturbulent+nergydiffusioninthecenter
pwtionofthechannelcrosssection.

Fortheflowcomespondingto a Reynoldsnumberof 30,800the
energyspectrumofthe u12-fluctuationsatvariouBpointsacrossthe
channel,includingoneinthelaminaxsublayer,wasobtained.

At station~ = 0.4, where y islateraldistsnceand d ishalf

widthofthechemnel,thecontributiontotheturbulentsheu stress
fromvsriousfrequencybendswasmeasuredenditwasfoundthatthecon-
tributioncorrespondingto frequenciesabove1~00cyclespersecondis
negligible.Sticethespectrumof @ atthispointextenibto about
~000cyclesperseconditisevidentthatthehighfrequenciesare
nearlyisotropicinagreementwithKolmogo?mfftshypothesis.

IC$TRODUCTION

~ recentyesrsa considerablestepforwardwasmadeinthetheory
ofturbulence.lWmogoroff(reference1),Heisenberg(reference2),
endOnsager(reference3)obtainedindependentlyan ener~+pectrumlaw
thatholdsinratherrestrictedtyyesofturbulentiflows.Thisprogress
gavea newimpetustoboththeoreticalandexperhntal.investigations.
Theexperimentalworkermayfollowtwoprhcipalmethods”ofapproachto
theproblem.First,hemayestablishflowfieldswhichsatisfysuffi-
cientlytheassumptionsofthenewtheou,namely,thattheflowis
isotropicandofhighReynoldsnumbersothattheinfluenceofviscosity
isa mhlmunnendtheeffectoftheturbulenc~roducingmechanismis
smaxl.Undertheseconditionshemaymeasurequantitiessuchas corre-
lationfunctions,scales,andmicroscalesthataredefinedexactlyin
theflowfieldqndmeycoqerehisresultswiththosepredictedbythe
theory.Themaindifficultywiththismethodistopredicthowclosely
onehasto approximateintheactualflowtheconditionsassumedinthe
theoq-.~ otherworis,thesensitivityofthetheoryto deviations
fromtruei~otropicconditionsisnotknownandincasethemeasurements
donot’agreewiththetheoryonedoesnotlmowwhetherto attributethe
disa+y?eementto faultyassumptionsinthetheoryortotheincomplete
isotropicconditionsoftlieflow. Furthermore,theimpositionofthe
conditionof isotropytofluctuatingfieldsmaybe a verystrong
restrictionandthestu@ of suchfieldsmaynotyieldthecomplete
pictureoftheturbulencemechanism. n

.
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Thesecondmethodof approachisto establisha simplenonisotmpic
turbulentflowfieldw4thwell-definedboundaryconditionsand,inthe
lightoftheexlatingtheories,to tryto obtaininformationonthe
mechanismofenergytransferfromthelowfrequenciesoftheener~
spectrumtothehighones.Thepresentinvestigationof a turbulent
chemnelflowhasthispurposeinmindin itslong-rangeprogram.

Thedifficultiesofthismethodarehnediatelyrealized.Because
ofthenonisotropicnatureoftheflow,chacteristicquantitiessuch
as scaleandmicroscaleareno longerwelldefinedanditisvery
possiblethatinthefirstst&esoftheinvestigationcertainqus.n–
titieswill.bemeasuredthatlaterwiKLprovetobe trivial.Onthe
otherhand,themainadvantageof a fullydevelopedchannelflowis
thefactthat,incontrastwiththeflowbehindgrids,flowconditions
arestesily;no decayofmeenorfluctuatingquantitiesexistsinthe
directionoftheflow. Consequently,theturbulentener~ goesthrough
allof itsstagesoftransformationacrossthechannelsection–
turbulent-energyproductionfromthemeanflow,energ diffusion,and .
turbulentandlaminardissipation- andonemaystudythesetransforma–
tionsindetail.

Ithasbecomeclearthatthephenomenologicaltheoriesofturbulence,
suchasthernix5nnlen@htheories,havelostmostoftheirimportance.
Thesetheories,developedinthelatetwentiesandearlythirties,~mde
aimedspecificallyat an evaluationofthemean-velocitydistributionin
turbulentflow.Theexistingexperimentalevidenceshowscle~lythat
themesn-velocitydistributionisveryinsensitivetotheessential.
assumptionsintroducedintothephenomenologicaltheories.Infact,
purelydimensionalargumentsgeneraIlysufficeto givetheshapeofthe
meanveloci~profilewithsufficientaccuracy.Forthefurtherdevelop-
mentofanunderstanmiinnof turbulence,detailedmeasurementsofthe
field’offluctuatingratherthanofmeanvelocitiesarenecess~. The
progamofexperimentalresearchofwldchthisworkis oneIertisbased
onthisreasoning.It isqutteappsrentandnaturalthatthesamecob ‘
elusionshavebeendrawnbyworkersintheturbulentfieldelsewhere
andthat,ingenerbll,themainemphasisof currentexperimentalinves– 0
tigationistheexplorationofthefieldofthefluctuat~velocity
components.

Thepresentsetofexperimentsdealswithflowina two+hmsional
chennel,thatis,withpressureflowbetweentwoflatwalls.Channel
flowofthistypeisthesimplesttypeofturbulentflownearsolid
boundarieswhichcanbeproducedexperimentally.ThesimplerCouette
typeflowrequiresthatonewallmovewithcoutantvelocity,a con-
ditionwhichisdifficultto realizeexperimdxdly.It canbe
approximatedbytheflowbetweenconcentriccylinders,butcomplications
dueto centrifuged.forcesarisehere. Thesimplegeometryofa

- .— . . — . - .—— ...————.——— _ ——— .-.——— ————— —- .—.—
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two-dhensionalchsnnelallowsen integrationoftheReynoldsequations,
andtheturbulentsheeringstresscanthenberelateddirectlyto the
shearingstressonthesurfaceswhich,inturn,C- ledetehd fiOM
themesn~ressuregradientortheslopeofmeanveloci~profileat
thewdl.

me relationbetweentheapparentstressesa the.- S~EUXQ
stresscan%eusedto advantageintwofashions.It isherepossible
to obtainthemagnitudeofthecorrelationcoefficientresponsiblefor
theappsrqntshearbymeasuringonlytheintensitiesoftheturbulent
fluctuations. Theturbulentsheeringstresscanalsobemeasured
directlybymeansofthehot+ireanemometer.A comparisontiththe
sheardistributionobtednedfrommsenfiressure-gradientormean-
veloci~+rofilemeasurementsservesthenasa veryusefulcheckon
theunderlyingassumpti,ow,ontheonehand,endspecifically~ a
checkonthereliabili~andaccuracyofthedirectmeasurements,on
theother.

Measurementsof chsmnelflowhavepreviouslybeenmadebyDoenoh
(reference4) Nikuradse(reference5),WattendorfendKuethe(refer-

~ences6and7’,sndReichsxdt(references8 and9).Afewunpulu*ed
measurementshavebeenmaderecentlyatthePolytechnicIkstituteof
Brooklyn.

Doench’sandNikuradsetsmeasurementswereconcernedonlywith
themean-velocitydistributionandarethusofnottoomuchinte~stfor
a comparisonwiththepresentsetofmeasurements.Wattendorfmeasured
theintensityofthefluctuati~locitycomponentsandthendeduced
thecorrelationcoefficientfromthemea~pressuremeasurements.The
techniqueformeasurimgtheaxialcomponentofthevelocityfluctuation
waswelldevelopedatthetime,butthecrosscomponentwasonly
tentativelymeasured.

Themostcompletesetofmeasurementsisdueto theworkof
Reichardt,whomeasuredTeloci@fluctuationsinthedirectionofthe

Q flowandnormaltothewallaswellastheturbulentsheerdireotly.
Reichsxdtfoundverygoodagreementbetweentheshearimgstressdete~
minedinthesetwoways;hispapercomesclosestto thepresenttive-
tigationendMa resultswillbeusedforcomparison.TheRewld-a .
numberinReichsrdtlsmeasurementswas8000,whichislowerthanthe
rangecoveredbythepresentmeasurements.A criticismwhichcanbe
madeofReichsrdt;sinvestigationishisuseof’stunnelof only
1:4aspectratio.T%S~nsional characteroftheflowisthi
somewhatdoubtful.Watten.do@*sexperimentsweremadeina clmmelof
verylergeaspectratio(18:1.)andarethusfreeofthiscriticism.

J
EI aprel~n investigationa channel1 inchwideand60inches

highwaschosen.Themeasurements,however,haveshownthatinthis ..

—.——— — — -.
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casethe”scaleofturbulenceis so mall that~eat caremustbetabn
to correct,thehot+drereadingsfortheeffectofwirelength.Measure-
mentsofthemicroscsleswere,infact,impossibleh thel–inchchsmnel.
Themicroscaleswereabout0.1centhwtersndthusmailerthanthe
lengthofthewire. Thecorrectionsforthecaseofmeasurementsof v’
and W* wereabout30percent.Sincethemethodof correctionbecomes
veryinaccurateforsuchlargeratiosofwirelengthtomicroscale,the
measurementswererepeatedina >inch chsmnelwitha X2:1aspectratio.
Thisratiowqsstill.largeenoughto insuretw@lmenEionalflowmd.the
lengthco?n?ectionsweregreatlyreduced.

.
TMs investigationwasconductedattheGuggenheimAeronautical

Laboratory,CaliforniaIhstituteofTechnology,underthesponsorship
and.withthefinsmcialassistanceoftheNationalAdviso~Ccmmittee
forAeronautics.

Theauthorwishesto aclmowledgetheconstantadviceandhelp
inbothexperimentalmethodsandinterpretationofresultsof
Dr.H.W. Li.epmamnduringthisinvestigation.He alsowishestothink
Dr.C.B.Mi31ilmnforMS continuousinterestinthisresearch.The
cooperationofDr.F. E.

~,

x longitudinal
Spendsto

MsrbleandMr.F.K. Chuangismuchappreciated.

SYMBOIS

coordinateindirectionofflti;x = O come-
chsnnelexit\

Y lateralcoordinate;y = O corresponds-tochannelwdll

z verticelcoordinate

d w tidthOf CIIEUUA(2.5h)

5 thichessoflamimrsublayer ,

u metiTeloci_@

U. md.mzmvalue

Ut instantaneous
meanflow

T’,Wt instantaneous

atanypointinchannel

ofmeanvelocity

valueofvelocityfluctuationsindirectionof
x

valuesofvelocityfluctuationsnormaltomean
. flowindirectionsy and Z,respectively

—... . . .. _. -._. ._ —___ _________ .. _— —____ —.—. —
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root+nea~squarevalueofvelocityfluctuationsin
directionofmeanflow x

root+me-squarevaluesofvelocityfluctuationsnormal
tomeanflowindirectionsy snd z,respectively

pressureat anypetitin channel

airdensi~ ●

totalshearingstress

sheeringstressatwall

()frictionvelocity~~

absoluteviscosi~of

Idnematicvisco4i@

Reynoldsnumberheed
meanvelocity

-air

onhalfwidthof channelandmaximnn

correlationcoefficientresponsibleforapparent

(-)Ulvt
sheer

W_=
correlationcoefficients

respectively
asfunctionsof X, Y, and Z,

microscalesofturbulence

—--— ———.–—————– ——— -—
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X,Y,Z distances (inthex–,y–,andz-direction;respectively)
betweenpointsatwhichcorrelationfluctuationsere

/ measured

a ratio of squsre of compensatedanduncompensated
fluctuations

M the constantexpressingthermallagofhot+wire

n frequency,cyclespersecond

Fu~(n),F(n) fractionofturbulentenergyut2 associatedwithband
width dn

U,v, (dF— fractionofturbulentshearu= associatedwithband
width dn

‘W dissipationofturbulentener~

t time

‘91J3P voltage’fluctuations

ANAIXTICALCONSIDERATIONS

EquationsofMotionforTw&MmensiondChannelFlow

Themean-andfluctuating-velocitycoqonentearedenotedby ui
sad Ui’, respectively;Cartesismcoordinatesaredesignatedby xi;
and pik.denotesthecomponentsofthestresstensorwhichincludes
boththeviscousandappsrent(Reynolds)stresses.TheReynoldsequa-
tionendthecontinuityequationforsteadyflowcanthusbewritten,
usingCartesiantensornotation,

+ h~k “
‘“k~=axk (la)

22 0
axi =

(lb)

- .— —- —.- . . .. . —————.—-——.——.—————— . ._..__ _____ ______ . ___



where

Plk‘

Ftir channel flowbetweentwoparallel flat walls,

—
“l = u(y) au ~

* - pu’z
‘G-wv

o

au
U2=0 Pik “ P — – piiim -P -’2- Pvt o.. Q

U3=0 o 0 + - m=

.

.2, .



NACATN2123 9
.

where x, y, and z replacexi, and u*, v*, and W’ replaceUi:
forconvenienceinwritingthenowmuchsimplerequations.E&ation(lb)
isthusautomaticallysatisfiedandequation(la)becomes:

(2) -

InfulJydevelopedturbulentflowthevariationofmeanvaluesofthe
fluctuatingquantitieswith x shouldbe zero;thatis,theflow
patternis independentoftheatreamdisedirection.Hencejequations(2)
become:

,

or

Differentiating

consequently~~x

equation(3b)withrespectto x gives

(3)

(3b)

la% o
.—
Paxay’= ;

isindependentof y andequation(>) is immedi–
atel..yintegrable.Thus

z&!=vG– 77 + constant
P&c Q.

— .- ——.— _______ —--———...-— ....—- . . .— _ - ..— . .. .——.-——- -———.-
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h thf3center
hasthewidth

endhence

. wicATN2123

ofthechmneltheshesrvanishes;henceifthechamnel
2d,

P dx

orinnonMDlellEionalform:

Y -d&——
Puo2 &

Ihtermsoftheshearingstress

=-— ——
U02a.y U02

atthewall,

.

(k)

d v au ~1 ~t
-=— —-— (5)

PU02 d U02I=& U02

It isevidentfromequations(k)and(~)thatTo cm he dete?mulnedin
threedifferentways:

(a)Ihomthemesn~ressuregradient

(II)Fromheslopeofthemea veloci@profilene~ thewall

()auTo=ll—
w y-

(.)IEroma directmeasurementof 77

(– )au dTo= PU’v’-y — —
-Y–a

—— ..-— —. . . . . . — --—- ——. —--
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sinceif y/d isnottoosmall,

du —
v G ‘< ‘“’T’

anditem(c)becomes

To=

Thetechnicallysiqlestwayto
completesheardistribution,is

determhe To, andthusinfact-the
a meamrementof h hx. Thisisthe

methodappliedinmostinvestigations.
-,

To determinetheslopeoftheveloci@profilenearthewall,the
profileIMLSto be knownup topointsverycloseto thewall,thatis,
atleastto distancesE. IO-2* Thisingemmalrequirestheuseof

d
thehot%ireanemometerendveryprecisemeasurements.

Thethirdmethodrequiresa directmeasurementofthecorrelation
betweenthesxialendlateralvelocityfluctuations.Thetechniqueof
thistypeofmeasurementislnownandwasfirstappliedbyReichardt
andby Slcmmstadsnd,in sohwhatdifferentform,inrecenttivesti–
gationsattheNationalBureauof Standards,Polytechniclhstituteof
BroolCQ’n,endCalifornia32nstituteofTechnology.

M thepresentinvestigationallthreemethodshavebeenapplied
end.theresultscompsred,withtheexceptionoftheflowatthelowest
Reynoldsnumber.h thiscasethepressuregradientisextremelysmaU
(approx.0.0003nunof slcohol/om)andreasonablyaccuratemeasurements
werenotpossible.Thiscomparisonofthethree”methodshasthe
advantagethatitgivesa goodindicationoftheabsoluteaocuraoyof
measurementsofthefluctuatingquantitiessndthecorrelationcoef-
ficientk.

hrgy Equation

Writingequation(la)intheform

%
p“k~, =— + U&Ii (6)

_....__ . . .__. ____ ._ . .______- z— -—. - . ..— _ —— ——-————— . . . . . .
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andmultiplyingitby U.j,thefollowingrelationisoldxained:

~ ~%uk a% %j
5P aq ‘–~ + ‘Ui &jaxJ

Transformingthelasttermhypartial.integrationtheener~ equation
ofthemeanflowbecomes

Thevelocity

n

perturbations

%“
cannowhe introduced:

Ill=

U2 =

U+u’

TV

‘3= w’

Sincethevelocitiesareindependentofthecoordinatesx emd z the
followingequationisohtainei.*er averaging:

du
‘G=

useof equation(*) thissimplifiesto

alq‘( )(Vi’—.

p ax~ axd
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Thisformwasoltainedby VonGxm6n (reference10)whilediscusshga
nonisotropicflowintermsofthestatisticaltheo~ ofturbulence.h ‘
orderto seetherelativeordersofmagnitudesofthedifferentterms
intheequation,TonK&m&n expressesthemintermsofa single

velocityq =dU’2+ V*2+ W’2 anda characteristiclengthD corre-
spondingtothewidthofthechannel.Since

thealoveequationmsytewrittenas

wherethecoefficientshavethecharacteristicsof correlationfunctions
- h is& microscaleofturhilence.Fora highReynoldsnmiber
flow Q>> 1,

~2
itfollowsthat.— <<g. Thusthesecondand.third

v D2
termontherightsideoftheequationmayleneglected.Sincethe
pertinentquantitieshaveleenmeasureddurti-thepresentwork,the
orderofmagnitudeofthesetermscm be directlyemhated = the
omissionofthetermsisfoundtobe Justified.Theaboveequationthus
contaimonlytermsoftheforms q3/Dand vfq2/A2;thesetermsshould-
be ofthesameorderofmagnitudesmdtherefore

-14~2
— = o(l). It iS ‘
VD

of considerableinterestto seewhetherexper~ntal.resultsconfirm
thisrelation.Taklmgas anexampleresultsfromthemeasurements

vq2-1.7 x 103
(

@%llxlo3 and -#.at R = 30,800and $ = 0.5 where D
)

~ = 52centbneterspersecond

~ = 0.5centimeter

therefore
q# 52XO.25—= = 6.6
VD 0.155x 12.7

-..—— ——. . . .. . ..— — —. __ —. ..—. —
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Thisratioseemsto befsdrlyconstent
andacrossthechannelcrost3section.

mcAm 2123 .

fordifferentReynoldsnmnlers .

Ihviewoftheabovedimensionalconsiderations,theener~
equationmaybewritten

~Q_d

[

~t2+ @2 + #

@-Gp” 2
z+.,p)+.~~ (8)

.

Theequationexpressesthefactthattheenergyproducedbythe
turbulent”shearforcesat a certainpointispartlydiffusedandpartly
dissipated.Thisequationhasbeenusedinestimatingtheenerg
diffusionacrossthe-channel,sincefromthemeasuredquantitiesthe
productiontermanddissipationcenbe calculated.

lQmMENT ANDPROCEDURE

windTunnel

Theinvestigationwaacsrriedoutinthewind
figure1. Theturbulencelevelia controlledby a

!,

.!

tunnelshownin I

honeycogib@ seam-
10;sprecisionscreens,followedby anapproximately29-:1contraction. .
Thescreenshave18meshesperhch anda wirediameterof0.018inch.
Thehoneycombconsistsofpapermailingtubes,6 incheslongand1 inch~
indiameter.

Theove~ lengthofthechannelis23feet.At theentrsnce
sectionitis3 titheswideandhasan aspectratioof20:1. Ina
d.istsnceof 7 feetitexpandsto a widthof5 inchessndtheaspect
ratio.isreducedto 12:1.Thewellsoftheexitportionofthechemnel

(about6f-t)eremadeof~–inch=bhickplywoodwitha ~–inchbirch
insidecover.Theywerespeciallytreatedinorderto acquirea smooth
fbish andwerereinforcedinorderto avoid*@ (fig.2);in spite
ofthisa fewpercentofwidthveriationetisted.

Thetunnelisoperatedby a 62-horsepowerstationarynatural-s
engine-normamayoperatingata fractionof itsrating-whichdrives ,
twoeight-bladedfans.Thespeedisremotelycontrolledbymeans
smallelectricnmtorwhichdrivesthethrottlethrougha gearand
screwsystem.

Thf3experimentswerecamiedoutat speedsof 3,7.5,and15
per second.

ofa’
lead–

*

meters

. .———
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TraversingMechanism

Figure3 showsthetypeoftraversing~chanismusedduringthe
experiments.It consistss~ly ofa micrometerscrewonwhichthe
hot+?iresupport.isfastened.Thesuppoficanrotatefreely-h a plane
perpendiculartotheairflow;thus,thehot+dremeybeadjusted
exactlyparallelto thewall.

Thezeroreedingofthetraversingmechaqism(y= O) wascsm-
~ fo~ US@ tiefollowingmethod:Thehot-e wasplacedclose
tothewall(approx.‘O.025cmaway);thedistencebetweenthewire
anditsimageinthepolishedwdl wasmeasuredbymeansof anoculer
micrometer.Thepositionofthewireis,of course,on&ha.lfofthe
obsemeddistanceandcouldbe determinedwithan accuracyof
*000005centimeter. \

W orderto obtainthepressuredistributionalongthemiddleof
thechannela 6-inch-longthin+m.lledtube3/8inchindiameterwasused
witha smaIlstatic~ressureholeilrlllledcloseto itsend. Thetube
wasfreeto slideina supportattheentrticeofthechsnnelsothat
thepositionofthepressureholerelativetothechanneletitcouldbe

. changed.Thetubewaskeptstraightsadundertensionbymeansof
weights●

Hot-WireEquipment

Allvelocitymea=’ementsweremadewithhot=wireanemometers.
Thefrequencyresponseoftheamplifie~ompensatorunitofthehot–
wireequipment,usinga 0.0002k-inchwireat standardoperatingcon–
ditions,isflatfromapproximately2 to10,000cyclespersecond.

.
Thecompensationoftheho%re forthermallagisaccomplished

by a capacitynetwork.TherangeoftimeconstantswaschosenfromO
to 1 milll.isecondcorrespondingto thecharacteristicsof 0.00005-to
0.0002&inchwiresattheoperatingconditionsemployedingeneralat “
CMJ221T. No attemptwasmadeto etiendtherangeof compensationto
largervaluesof M, sinceinthiscasethenoiselevelsoonbecomes
appreciable.

Thecorrectsettingofthecompensatingunitwasfoundusingthe
sqzare+nmemethoddescribedbyKbv&znay(referencen). Thet~
condemtsofthewiresusedforturbulencemeasurementsfellletween0.1
end0.9millisecond.

Theoutputreadingsweretakenwitha thermocouplesadprecision
potentiometer.

r

. . . —..—.— .— __-— _ ._— — -——— , . . . . ..-. -.— — .—— —. .. —._ . — . . . . .. —__ _________
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Meen-speedmeasurements.-A $.~1

l-centzlmeterlengthwasusedtomeasure

(0.000>ti.)platinl.k tireof
themeanspeed.Themeasure-

mentsweremade& theconstant-resistancemethod.Thismethodhasthe
advutageofkeepimgthewiretemperatureconstantthroughthevelocity
field.

Turbulencemeasurements.–Fortb investigationofturbulentfluc-
tuations,O.00024-inchWollastonwirewasused. Thewirewassoft-
solderedtothetipsoffinesewingneedlesafterthesil’vercoating
hadbeenetchedoff. Thetwolateralcomponentsv’ and wt sailthe

correlationcoefficientk =
Utvl

FF

weremeasuredusingtheX-e
.

technique.Themethodwasessenti&Elythesameasdescribedindetail
inpreviousreportsfromthislaboratory.(See,forexample,refe~
ence12.)

.
Thex+mtersforshearmeasurementshadsnglesbetweenthewires

ofapprodmately900. Thesinglesofthev’,w’+neterwereoftheorder
of 300. Thewirelengthoftheu’*ter wasabout1,5miU3meterssmd
thatofthev’+neterwas3 mXEUmeters.

Theperallel+iretechniqueusedrecentlyatthePo~echnic
InstituteofBrookQnwasslsotriedinorderto obtainthelateral
componentoftheveloci~fluctuationsndtheshea closetothewalJ..
Theyarallel+ireinstrumentis superiortu thex+etersinceitallows
enexplorationoftheturbulentfieldup to distancesofa fewthous-
andthsof an inchfromthewall. However,itwasfoundimpossibleto
obtainreliablevalueswiththisinstrument.Thecorrectionsdueto
Ut-fluctuationsandtounequal.heatingofthewireswerepronouncedand
noteasilyaccountable.Themethodwasthereforetemporarilyabandoned
afterconsiderabletimeandlaborhadbeenspenton it.

Measurementsofcorrelationsbetweentwopoints.-Thecorrelation
functionsbetweenvaluesof Ur atpointsalongthey– andz-s,
thatis,

mm’?’)Rlr=

JmF77
R= = u’(0)u’(z)

—
ut2

.

_. .._ — ——– --———- _
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weremeasuredusingthestandardtechnique(reference12). Thescalesof
turbulence~ = Lz andthemicroscales~ and x= at&e~ent
pointsacrossthechennelwereobtainedfromthesemeasurements.

Measurementsof Xx.–AmethodsuggestedbyTownsend(reference13)
was
the
the

appliedtomeasureXx. Usingen electmmicdifferentiationcircuit
emplifieroutputsignalwasdifferentiatedand ~ computedfrom
followingrelation:

Theerrorinvolvedintheapproximation a
k + u z cm be ‘sti–

matedad itmaybe seenthatthealoverelationholdswithreasmable
accuracyoverthelargecenterportionofthechamnel.

A newtechniqueforthemeasurementof & hasalsobeenapplied.
Themethodisdescribedindetailinreference14 andcotiistsin
countingthezerosofen osci120graphtraceoftheu’—fluctuations.
lI&omthesecounts& maybe calculateddirectlyby assuminga normal
endindependentdistributionforboth u~ end au’px:

1 – ~ x Averagenumberof
~-u.

It isknownthatthedistributionof
eveninnonistmpicturbulence(see,

zerosof u’ persecond

t iscloselya Gaussisnone
f~rinstance.reference15):

however,forthecaaeof &zf/% a-smalldetiati&fromthen&&l dis-
tributionwasfound(reference13). Forthepreliminarymeasurements
of ~ reportedZresentl.y,no correctionswereappliedasyetforthis
effect.Figure& showsen oscillqgraphtraceoftheu~–fluctuationin
themiddleofthechmnelat R = 30,aoo.Thetracerepresentsen
intervslof approximately1/20second.

Measurementof &.– Thefollowing,simgleprocedurelwasapplied
to obtaina roughestimateof scaleofturbulencecomesponMngto
correlationsbetweenpointsalongtheX+S: Denoteby F(n) the

●

%!hismethodwassuggestedIIyDr.H.W. ELepmann. .

.

———-———..—..—.._ _____ _____ ___________ _ ———— ~—. ... ... . .. ____ _—— . .
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fractionofturbulentlntensi~whichis contributedby frequencies
betweenn end n + &n;thatis,

u?(n)2dn= 7?l?(n)&n

Euldthus

.

J‘F(n)dn=l
o

Considernowanuncompensatedhot+ire. H thetimeconstantofthis
uncompensatedwireis M, theresponsewilJbe

where

Lm?lwcom.

[7?1 F@u’(n) “ =
Uncomp.

l+ M?n2

Thetotalintensimfortheuncompensatedwire

.

wiU thenbe givenby2

().—~!2 7= Ut
J
m F(n)&n

Uncomp●
o l+M~2

Thus,iftheratiooftheresponseofthesametirecompensatedand
uncompensated.isdenotedby a,

1 J’m F(n) ~—=
Cr O l+#n2

(9)

Znorderto estimate&, F(n) isassumedtohavethesimpleform

-&
“o

F(n)= #
l+n2& .

U02

2FormulasofthisgeneraltypehavebeenproposedbyKsmp#deFeriet
sadbylbe@delfordetermining.thespectrumofturbulencefromuncom-
pensatedhot+iremeasurementsbyvaryingM (reference16).

.
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whichwasgivenbyDryden(reference17)sndcorrespondsto en experi–
mentalcorrelationcurve.

Then .

orwith

J!+
U.

then

Hence
.

12

J

d~—=—
al-c

.*( )(1 + qz 1 + Uzqz)

1=—
l+a

Thusbymeasuringtheratioofthemeansqusreeofthefluctuating
velocitieswithandwithoutcoqensation,I& csnbe estimated.,

Theprocedurewascheckedintheflowbehinda ~–inchgridwhere
thelateralscalewasmea&redandwherebecauseof isotro~therela–
tion ~.~ ~hould

Thereeultswere:

holdfairlywell.

a = 1.85

M = 7X’lOAsecond

Uo= 1.5 x 103cent~tersper

e

second

— —.——.. . .. .. . .—___ .._ —__ ___ ..> ____ . -—.———— ——— --—— .— .- ___
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“therefore

~ = 1.24centimeters

Directmeasurementsgave ~ = 0.553centimeter.
b = 1.11centimeterswhichshowsthatthismethodof
valueof ~ is satisfactory.

Hence
estimatingthe

Measurementofturbulen~nergyspectrum.–Ih orderto beableto
measureaccuratelytheenergydistributionovera widefrequencybsmd,
itwasfoundnecesssrytouseextremelythinwireswithsmallthe
constantsandthusto ticreasethesignal-t~oiseratio.Wiresof
0.0000~inchdiameter,operatdngwithtimeconstantsof approti—

Amately2 X 10 second,wereused. Ihthiswayitwaspossibleto
detectener~valuesinthehigh-frequencybsmdsthatwerel@7 times
thevaluecorrewondingto zerofrequency.

Thehotitiesignalwasfedintoa Hewlett4?ackardwavesnslyzer,
theoutputcircuitofwhichwassomewhatalteredinordertobe ableto
feedtheoutputsignalintoa root-memsquarevoltmeter.Theaveraging
characteristicsoftheroot-me~q.uaremeterwerecheckedand,fora
narrow+smd+ddthsignal,werefoundto givethesamemeanvaluesas
thosecalculatedfromthermocouplereadings.

Withthismethodtheenergyoftheu’2–fluctuationwasmeasuredat
differentpointsacrossthechamnel.At “5= 0.4 thespectrumofthe

turbulentsheeru=’ wasalsoobtahed.3An x-typemeterwasused,
bothwiresmaldnganangleof450withthefree-streamdirection.

If<and
fortimelag)

ep2 aretheme~quere voltagefluctuations(corrected
acrossthetwowiresitmaybe shown(reference12)that

—2el —2— e2 = constantx K’
.

If e~ and e2 am fedintothewaveanalyzerthentheaboverelation
holdsfo%sllbandwidthsdn;thatiS,

@ – e2(n)2= Constantx u’vt(n)

%s methodappearstohavebeenfirstusedbyDr.StanleyCoza?sti
ina turbulentjet(privatecommunication).

— —.
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PRmmmARY ~S INA 1–INCHCHANNEL

<
k theinitialstagesoftheturlulentihannel-flowinvestigation

a ho-dimensionalchannelofl—inchwidthwasused. Measurementsof
meanandfluctuatingvelocitiesandofthecorrelationcoefficientk
werecompleted.ThescalesIg and ~ werealsomeasuredatthe
chsmnelcenterandwerefoundtole about0.2to 0.3centimeter.This
smelll-scaleturbulenceexistinginthechannelimposeda definitelimi-
tationontheaccuracyofthefluctuatingmeasurements.Wire-length
correctionsashighas 30~ercenthadto be appliedtothemeasurements
of v’ end w*. Itmthermore,no”microscalescouldbemeasuredaccu-
rately;thusoneoftheobjectivesoftheinvestigation,thecalculation
oftheenergydissipationacrossthechemnel,couldnotbe obtained.
Nevertheless,resultsshowgoodconsistency;thethreeindependent
measurementsoftheturbulentshearindicatesatisfactoryagreement.

.

It isof interesttopresenttheseprelindnarymeasurements,the
Reynoltinumberofwhichwas12,200,andto comparetherewiththose
obtainedinthe5-inchchannel.Figure5 showsthedistribution”ofall
themeasuredqusmtitiesinthel–inchchsnnelanditmaybe directly
comparedwithfigure16whichshowsthequantitiesmeasuredinthe
5-inchchannelatnesrlythesameRe~lds number.

Althoughtheslopesofthemeanvelocitiesatthewallareah “

(thesameineachcase forthel-inchchsmnel~= 0.0019;forthe

zinch ChaIIIld ~=

)
0.002.8,

puoz
chsnndseemto beloweracross
a moreintenseturlulent-nergy

puo’

theveloci~ratiosu/U. inthe5-tich.

mostofthechsmnel.Thisindicatesthat
productionT~ takesplaceh the

5-inchChIllld. ~eed, theturbulent-veloci?yfluctuationsfit/Uo,
%’/UO, end W/U. (especialdyOli’/CJo)increaseat a fasterratetoward
thewallinthetinderchsmnel,althoughtheirvaluesatthechannel
centercheck’ve~wpllinthetwocases.ThesheardistributionT/@Jo2
is almostthessmeforthe
therelation’

twochamnels;itfollows,therefore,from

*

-.—_ . . . .- ._ _ - _____ —-—— .- _._..._ _____ ..
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that k musthavea higherabsolutevalueinthel-tichchannelsince
both iit/CJoand ?l/Uo exesm&llerthere.Ihdeedthemadmnnvalue
of k inthiscaseis-0.6,whileinthe‘j-inchchannelitis4.5.

,.

AE a matterof interestit couldlementionedthatifthehsis of
dompsrisonisnotReynoldsnumberbutmaximummeanspeed(forthel-inch
channelUO = 15m/see)thenfigure5 showsa distributionof tit,??, .
smd titverysimilartothatoffigure18,theabsolutevaluesbeing
somewhatlowerinthe5-inchc~l.

.
.

RESUITSANDDISCUSSION

Mean-VelocityDistribution

A carefulstudyofthetwo43mensionalnatureofthechannelflow
wasfirstmade. Mean-velocitymeasurementswerecarriedoutat approxi-
matelyx = -2 inchesatdifferentheightsh thechsmnel:Atpositions
6 inchesfromthe%ottom,6 inchesfromthetop,andatthemiddle.
Agreementamongthethreesetsofmeasurementsconfirmedthetwo-
aimeni3ionslity. A furthercheckwasmadeonpossibleendeffectsthat
mightinfluencetheresults.Thelengthofthechannelwasextended
by 6 inches- themeam+velocitymeasurementawererepeatedat
x = -8 inches.No changeintheprofilewasnoticed.l?igure6 shows
thememvelocitydistributionsatthreeReynoldsnumbers,R = 61,600,
R= 30,800,end R = I-2,300.ThedistributionsfollowVonI@rm&I$e
logarithmiclawverywell,except,of course,ne”arthewdd.andatthe
centerofthechmnel(fig.7). The~dues of UT wereobt~d from
thevelocitygradientsatthewall.

# Measurementsweremadewithspecialcareclosetothewald..
Velocitiesata largenumberofpointswererecordedwithinthelaminar
sublsyerinorderto establishwithreasonableaccuracytheshapeof
thevelocityprofileatthewall(fig.8). Thethicknessofthelaminsr
sublsyer(thepdnt wheretheveloci~distributiondeviatesfromthe
logarithmiclaw)wasfoumdto be 5 % 30_& (fig.7).

h figure8 it

numbera fewpoints
thepointatwhich

sincetheequations

UT

canbe seenthatforthecaseofthelowestReynolds
nearthewallindicateverylowvelocities.Since
Y–= O hasbeendete~ed withgreataccuracysmdd
ofmotionofthechannelflowrequirea negative

0 curvatureforthevelocimprofile,itwasconcludedthattheht+dre ,
,—

indicatedtoolowvelocitiesnearthewallforthelowestReyuoldE
number) (Thedashedcurveforthiscaseinfig.8 showetheinterpolated
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veloci~distributionfor o<%< 0.01.) It cm be showntit very

highlocal.-veloci~fluctuationscausethehot+rireto readvelocities
lowerthanthetruemeanvalue.Sincethemeancurrentofthewire
mu?ieswiththefourthrootofthevelocity,

W=tl++:)2+(++($/8
where u isthevelocititowtichthehot+ztrerespondsand = isthe

7

()
truemeanvelocity.Nearthewall ~ << 1 andcanthereforebe

u
neglected.Becauseofthecosinet~edirectionalcharacteristicsofthe
hot-wiretheeffectofthew’–fluctuationcanalsobe negledted.The
velocitymeasuredby thewirecanbe Witten,afterexpandingtheabove
expression,as

+;(--+..-l -
Sincetheaverageoftheoddtermsiszerotheseriesconvergesrapidlly.
I!n.theregion~nquestion,thevelocityfluctuationsobtainedwerevery
highindeed

(%’’”*’o)*
Theirabsolutevalues,however,areprobab~

evenlarger,sincethenonlineeEI.tyeffectofthelargefluctuationson
thehot+ireresponsestillfurtheramplifiedby theveqylowmesn
velocitiesisnottakenintoaccountbecausethewire-letihcorrections
areneglected.’
aboverelation
theprofile.

Figuresq?
componentsu ,

Themean-velocitycorrectionthereforegi;enbythe
istoosmdlto givetherequiredmegati~ecurvatureof

TurbulenceImels

to_lkrepresenttherestitsofmeasurementsofthethree
71, and i? oftheturbulenkvelocity-fluctuation

distributionfithe-channelforthethreeReynoldsnumbers. #

TheTeloci@fluctuationtitrelativetolocalspeedsincrease
veryrapidlynearthewallas is showninfigures9 and10.“Measure
mentsveryclosetothewdl iniQcatethat fitu reachesa maxhmm

-, witldnthelaminarboundarylayer (Yu.lv%17( ad ittendstowsxci

a constantvalueatthewallwhichisindependmtoftheReynoldsnumber.
Thispointwillbe discussedh detailunderRe~oldsNumberItH?ect.

t

. —— ,.-—.. _ ___ —.——..._
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Theabflolutevaluesofthedistributionof Gt showthesane
generalshapeasthatobtainedbyReichmdt(reference9),havingthe
characteristicmexlmumnearthewallandthusshowingtheStimg action
ofviscosityevenforvaluesof y * 45.

Usingthex-typehot+dzetechniqueforobtainingtheveloci~–
fluctuationcorqonentsv’ and w’, nomeasurementscouldhe obtained
neerthewall. lR@res13and14showthat,whiletithecenterofthe
Chsmnelthemagnitudesof ?’ and ~~ exethessme,7 increases
fasterto- thewzdle This~ees withtheultramicroscopemeasure—
mentsina pipebyl?ageamiIIIownend(reference18).

No lengthcomectionswerenecessaryto themeasurementsof Ut
exceptnearthewall;however,no correctionswereappliedinthis
regionsincenomeasurementsof ~ couldbemade. fithisregion,
furthermore,,thefluctuationsareverylargeandthevaluesgivenin
figure10musthe acceptedwithreserve.Thehot-wireresponsefor
largevelocityfluctuationsisnotweIlunderstoodyetandno correction
wasattempted.Ian@h correctionswereappliedto themeasurements
of v’ end w’.

CorrelationCoefficientandShearDistribution

Thecorrelationcoefficientisfairlyconstantacrossmostofthe
channel(fig.15)asindicatedalreadybyWattendorfsndKuethe(refe&
ence6). Themaximumvsluesof k obtaineddecreaseslowlywith
increasingReynoldsnumberendthusshowa definiteReynoldsnm?iber
dependence.I&istingresultsindicate,however,thatpemmetersother
thanReynol@numbersalsoinfluencethevalueof k. Thefollowbg
tableshowsmagnitudesofthemadmumcorrelationcoefficientas obtained
by differentinvestigatorswork5ngtithchannelsofv=iouswidthsend
withvariousRe~oldsnunibers:

l&perimentsW Channeltidth
(m)

R %3.
Reicherdt(reference9) 24.6 8,000

[

4.45
Iauferpresentpaper) 2.5(1IQ.) 12,200 -.63
Iauferpresentpaper) 12.7(5in.) 12,300 -.50
Wattendorf(reference7) 5.0 15,500 –.52

[
Iafer presentpaper) 12.7(5hi.) 30,800 -.45
Iauferpresentpaper) I-2.7(5in.) 61,600 -.40

WattendorfObt*a his
titiesG’/Uo,~’/IJo,

valueof k fromhismeasurementsoftheq~
emd F/’uOP. Unfortunatelyhisprel~n

_—.. . —————.



,

measurementsof ~’ ereincorrect;
of S’ atallvaluesof Y across

25

theirmagnitudeislsrgerthanthat
thechannelcontraryto results.

obtainedbyReichardtandbythepresentwri~er.WatteidotiMmself
pointsouttheinaccuracyofthevaluesof v’ inhispaper.‘Because
ofthelxmgevaluesof v’ hiscomgutedcomel.ationcoefficientsme
toolow. Thevalue %x = -0.52 listedintheabovetable.wasobtained

byusingWattendorf’svalues‘* = 0.001 SJla“1U02 U.
= 0.055 anllthe

value
yt
m“= 0“035($= 005)

obtainedbytheauthorforboththe

l-inch(2.-) and~inch (12.7-cm)channelat R . 12,200and.
R = 12,300,respectively.

Thevariationof k hdicatesthatforthessmeReynoldsnumber
thecorrelationcoefficienttendsto increasewithincreasingmadmzm
meanveloci~(i.8.,ina chmnelofdecreasingwidth). o

Figures16to 18 showthedistributionofw themeasuredquan–
titiesincludingthesheardistribution.Forthecaseofthetwo
“higher.Reynoldsnumbers,threeindependentmeasurementsweremadefor
thedeterminationoftheqhesrdistributionbymethodsindicatedin
EquationsofMotionfor~imensional ChamnelIlow. Figure19
indicatesthatconsistentresultsue obtainedforthevalueof T
whethercalculatedfromthepressuregradientalongthechsmnelor
fromthevelocitygradientatthewall. Theturwen%hu dis&ri–
butiomobtainedfromhot=wiremeasurementsandthosecalculatedfrom
figure17 showsatisfactoryagreement.However,fortheflowatthe
I@hestReynoldsnumber,thehot-wiremeasurementsgavea 2@erce t-

%lowerveluefortheshearcoefficient,asmsybe seeninfigure18.
At present,thewritercangiveno satisfactoryex@anationforthis
discrepancy.IntheflowatthelowestReynoldsnumber,no pressure
measurementsweremadebecausetheve~ lowpressuregradient
(appmx.0.0003w ofalcohol/cm)didnotpermitaccuratemeasurements.
However,inthiscasethewallsheercomputedfromthemeasuredmean
fluctuatingquantitieslit,V’, and k andthemean=velocity
measurementsmaybe oomperedwiththatobtednedh thel–inch~l
flowharlngneerlythesameReynoldsnumber.Thecomparisonshows

satisfactory~eement: Forthel–inchchannel~ = O.0019;for
puog

the+inch Ck.lT.W+ ~ = 0.0018.
pu#

sresultwasacceptedaftertheabsolutevalueswerecar@lilQ
checked;thev’+dre responsewascomparedwithu*—fluctuati-inen
isotropicfieldandthetwo-dhensiba
checlmd.

characteroftheflowwas

.
.

----”_-- —---
_——-”--- “- ___
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ScaleandJticroscaleMeasurements

Fora furtherunderstandingofthestructureoftheturbulent
field,correlationsofut–fluctuationsattwodifferentpointswere
cexrieaout. Sincethefieldisnotisotropic,thescalesadmicroscale
measurementswererepeated,bothinthey— and.z-directionfordifferent
valuesof y/d.

~-correlations.–Figure20 showstypicalRz-correlationdistribu- ,

tionsat&ifferentvaluesof y/& correspondingto R = 30,800.For
lager Valuesof z, inaccuraciesinthemeasurementsdidnotpermit
theexplorationofthezmgativeregionofthecorrelationdistribution.
lRcomthemeasureddistributionsof Rz atfourstationsacrossthe
chsmnelandfordifferentvaluesof R, thevaluesof & sad ~
werecalculated(figs.21 and22). Ikthesefigures& is seen
to be decreasinguniformlytowardthewall,while X2 reachesa definite

msdmnnatabout$ = 0.7 andthendecreaseswithdecreasingy/d. ‘

R&orrelations.–Distributionsofthe~orrelation ata given

valueof y/d wereobtdnedby fixingthestatio~ hot+dreatthe
givenvalueof y/d andtraversingwiththemovingho&wireawayfromthe
fixedonetowardthechannelcenter.%lues of ~ @ ~ werethen
calculatedfromthesedistributionsof ~. Ihtheregion1.0> ~ > 0.l

thegraitlentsofthevariousquantitiesareslight;no significanta-
metryinthefunctionRy isthereforeexpected.Measurementsofthe
toppartoftheI&correlationdistribution(1.0> Ry> 0.8)byPrandtl
andReichardt(reference19)Justifythisbelieffairlywell..

By comparingfigure20withfigure23,thestrongeffectofthe
existingnonisottipycanhmediatelybe seen.Although~Oth ~ and ~
correspondtoVonR&m&’s g-function(reference10)theyetibitdif–
ferentbehaviorsacrossthechannel.TheRz-correlationfunctionfalls
moreandmorerapidlyto zerowithdecreasingy/d. Traversing

from ~=1.o to g = 0.70 thedistribtiionof ~ isfoundto bekve
$ = 0.4 (fig.23)sWLlsrly;however,thedashedcurveme~d at

indicatesconsiderablyincreasedcorrelationsforlargervaluesof Y.
It isthusseenthateround~ = 0.7 thereisa definitedecreaseh

energ contentofthefluctuationshaving
siderationofthisfactisgivenlaterin
balanceinthechannel.

low
the

frequencies.
discussionof

Furthercon-
theenergy .

‘-. —.

,—---._\_ ‘- -.

“-2. —
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Them!l.uesof Lg=
J
m ~ dY (fig.21)arenotsoreliableas
o

thoseof ~ since~
veluesof Y lecauseof
used.

Thedistributionof

of ‘~ (fig.22)0 I&om

couldnotbemeasuredat sufficientlylarge
theMmitation’ofthetraversingmechanism

Ay acrossthechannelis shilsxtothat
Y-=1.0 toa ;%0.7 both~ sad AZ

/u

increapealmostproportio&y to u!, indicatingthattheturbulent-

u- isapproatelyenergydissipationW -— constant-inthisregion.
~2

It shouldbenoticed,however,that AZ isconsistentlyluger than ~
throughoutthechamnelcrosssection.Somemeasurementsof ~ close
tothewillarealsoindicatedinfigure23. No lengthcorrectionwas
foundto benecessaryforthemeasuredvaluesof ~ and Az.

A roughestimateof J& bythemethodalreadydescribedgavea
valueapproximatelytwicethatof ~ atthecenterofthechamnel
(fig.21). Itsvalueincreasesto a medmumat ~ssO.5 eadthen

decreasesrapidly.No valuesfor & aregivenforthelowestReynolds
numler;inthiscasethevalueof a isveryclosetounityand,since

~ isproportionalto +, u shouldbe knownwithinanaccuracy

of1 percentto giveconsistentresultsfor ~. ~ortunatelymeasure
mentsof ~ cannotbemadewiththisaccuracy,particularlywhenthe
u~-fluctuationsareofratherlowfrequenciesas isthecase
for R = E,300. It shouldbementionedthattheaccuracyofthedete~
minatd.onof ~ ismorelimitedbytheinaccuratelymeasuredvalue
of a thanbythefactthatan approximatewectrumfunction)?(n)is -
usedinequation(9).

Thedistributionof & obtainedby thedifferentiationmethod
showsthesamebehaviorasthatof ~ and AZ (fig.22). Ithas
thechsracteritiic ‘m 0.7.maxhzma% ~m Nomeasurementsweremade .

for R = 12,300becauseoftheinaccuracydueto t%elargenoisc+t-
signalratios.

J% a matterof interesttheresultsof somemeasurementsof &
obtainedwiththezero-countingmethodare
above.(Seefig.22.) Sincethevalidity
inthismethodisnotclarifiedyet,these
regardedasprelhinsry.

coqaredwiththosedescribed
oftheassumptionsinvolved
measurementsshouldbe

- ..— —.— ..- ...—.— ———.—— --———.—— —-. . --——— -—-
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SpectrumMeasurements

Thespectrumsofthevelocim-fluctuations~= ‘~~eteenob~~ed
atveriousvaluesof y/d acrossthechemnel.Withimprovedinstru-
mentationitwaspossibletoreduceexperimentalscatterby a conaid–
erableamount.Theaccuracyofthepresent‘kmasurementsisbelievedto
bewithin*1Opercent%Lththeexceptionofvaluescorrespondhgto low
frequencies(n,<100cps) ~ecauseofthelarge-amplitudefluctuations
andwiththsexceptionofvaluescorrespondingtohighfrequencies
(n>4000 cps) becauseofnoiseandofpossiblewire-lengtheffect.A

Iqqic”dspectrumd.istributiontakenat ~= 1.00 is showntifigure24.’

(Themeasuredspectrumsatvariouspositionsof y/d aregivenh
tableI.) No attemptismadeto comparethemeasureddistributionswith
existingtheoriessincetherestrictiveassumptionsofthesetheories
(isotropyandflowsathighReynoldsnumbers)arenotsatisfiedh the
presente~eriments.TheoIilyfrequencyrangewherecompmisohis
possiblyjustifiedistheviscousregion,thatis,thehigh-frequency
partofthespectrumwherevi.scosi~playsa dominantrole.Unfort-
natelyheretheaccuracyofthemeasurementsisnotgoodenoughtoafford .
anydefiniteconclusions.Therefore,theratherclosea@?ementofthe
measmedspectrum(forall?aluesof ,y/dexceptinthela?dnsrsub-
layer)tiththen–7–lawpredictedbyHeisenberg(reference2) should.te
acceptedtithreserve(fig.24).

Fora comparisonoftheener~ spectrumsatdifferentpointsin
thechannel,figure25 showsthedistributionof n%(n) tisteadof
thatof F(n) asa functionofthefrequency.Thismethodofprese~
tationemphasizesenergiescorrespondingto thehigherfrequenciesbut
givefla clearerove~ comparisonofthedifferentsetsofmeasure-
ments.Thecharacteristic~ Ofthedistributionof & ~
diatelybecomesapperentinthisfigure.Ihmthe factthatthe
correlationcoefficientisa Fouriertremsfomnofthespectrumfunction
itfollowsthat

():2RX 4JlS
J
‘n2F(n)~

as ~
.~=~ o

Thus & cenbe ccmputedfromthedistributionsof n%(n). The
calculatedvalueschecktithina fewpercentwithdirectmeammamenta
(fig.22)●

.

.?

-— .—
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ReynoldsNumberl&e&

29

Figure7 showsthedistributionofmeanvelocitiesplottedin
theformof“frictionvelocity”u/U7agahst‘TrictioAsteme
Pammeter”yu~/v. Ihthisformtheprofilesareindependentofthe
Reyuol&snuniberUod/v sadfollowVonK&m&’s logarithmiclaw:

TheconstantsA and B are6.9and5.5,respectively.Comparing
thepresentmeasurementswithpreviousonesit istobe notedthat
becauseoftheverysmoothwallsurfacesused,*thevalueB islager
thanthatof otherinvestigators.Makingallowancesforthiseffect, “
measurementsarein fairlygoodagreementwiththoseofDoench(refe~
ence4)andReichhrdt(reference9). Nikuradse’sc~el res~ts
(reference)differfromanother existingexpertients.It is
pertinenttomentionthatfortheReynoldsnumberrangeinqtiestion
(R< 100,000)theslopeofthelogarithmicmeamelocitydistribution
(theconstantA)bothinpipesandchannelsislargerthanthat.’
establishedbyNikuradse’spipemeasurements(A= 5.75).

TheReynoldsnumberhasa definiteinfluenceonthevelocity
fluctuationsalso.Alongmostofthecrosssectionwheretheinfluence
oftheviscosityisnegligiblethefluctuations~’, ?’, and +
decdeaseslowlywithincreasingReynoldsnumber.

Very close tothe@, accordingtoPrandtl?shypothesis,all
velocitiesofthefo~ Veloci@/UT~st be a ~ti~ of& ~icti~
distanceparameteronly. Ithasalreadybeenpointedoutthatthemean
velocityoleysth3.ssimilaritylaw. l?igure26 ahOWSthedistribution
of 6’/U~ ~ a ~ction of yUT/v forth ~fe~n~ flowco-tio~
investigated.Thefo~owingremarkscanbemadewithrefermb’etothis
figure:

Yu~(1) Forvaluesof — <100, valuesof ;’/UT correspondingto
v

thevariouscasesindicatesimilarbehavior.Theyreachamsdmmnat
yUT

about— %170 (
v“

—— .- . . .—- —_____ _. _____. > ____ -
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(2)”It islelievedthatthesimilsri@isactuaIlymorecomplete
thanticated infigure26. Becausethemicroscaleisnotknownin
regionsverycloseto the wall no lengthcorrectionscouldleapplied.
Thesecorrectionswouldof coursebe appreciablyhigherforthetwo
hig&velocityflows (R= 61,600,2d= 5 in.~d R= 12,200}
2a= 1 ti.),sndwouldtherei’orebringthevariousdistributionsof @pT
closertogetherh theregionin question.

(3)TheeffectofViscosiwismorepronouncedontifluctuat~
clusntitiei3thanonthemesnvelocio.

(4)Tq@or pointedoutin1932(suppotimhi:srguments.byJ?age
andTownend’sultramicroscopemeasurements) that u’/u and ~’/u
approacha fMtb valueatthewa12.(reference18). Itfollowsfrom
thesimilaritylawthatthisvalue.shouldle anabsoluteconstsntinde-
petientoftheReynolNtinumber.Figure10 indicatesthisto betrue,
thecons+sntbeing (u’/u)po% Q.I-8.

It isof considerableinterestto discussthevariationofthe
scalesmdmicroscslewithReynoldsnuniber.Forflowsbehindgridswhere
thettibulenceisisotropicthescaleis independentofthemeanvelocity
snddependsonthemeshsizeofthegrid. Similarbehavi~rwasfoundfor
thechannelflow. Figure21 showsthedistributionsof ~ end ~ for
differentvelocities.Thesedistributionsindicateno consistentvaria–
tionwithveloci@. Furthermore,measurementsina l-inchchannelgive
a valuefor & fivethinsloweranda ratiofor ~ somewhatlager
thenthevaluesobtainedh thepresentinvestigation.

Thevsriationof
width. Thevaluesof
variationof A with

L depends,of co~se,ontheveloci@amdchannel
k decreasewithincreasingvelociw;however,the
channelwidthislessthanthatof L.

DevelopedCharacterofTurbulence

Theflowinthech.snneliscalledfillydevelopedifthevsria–
tionsofthemeanvaluesofthevelocityandthemeansquaresofthe
velocityfluctuationswith x areverysmall.‘Thatthemeanvelocity
profiledoesnotvarydownstreamisevidentfromthepressur~ent
measurements(fig.19). Thegradientin x of - wasmeamed on
theaxisoftheChsnnel.Itwasfoundthat u= wasindeeddecreasing

with X. Thegradient,howe~er, 1$wasverysmallas compuedwith – —:P ax
&7
—= O.O1$$ax

.

—.——— -—— - —— -– —— — .-



NACATN 2123 31

.

HenceforalJpracticalpurposesb~~x canbeneglected.No
measurementshavebeenmadeconcerning&z’v’/&, sincethescatter
inthevalueswouldcovermy effect.-However,lhere

that &ll/& isofthesameorderas &~/& and
equations(3a)and(3b)isthereforejustifiedhere.

iSlittiedoubt

thattheuseof

IhergyBalanceinFluctuatingField

Theenergyequationfora ho-dimensional.chmnelhastheform
givenbyequation(8)endisvalidthroughoutthecrosssectionof ~
thechannelwiththeexceptionof a smallregionnesrthetill.

Theterm T% ontheieftsideofequation(8)correspondstothe

energyproducedbythesheeringstressesandit cm be obtaineddirectly
fromthemeasurementsof T end fromthemeanvelocityprofile.The

secondtermontheright v
(X$)

expressestheemountofener~

thatisbeing&issipatedbecauseofthebrealdngdownofthelarger
eddiesto tier ones.Thetermmaybewrittenexplicitly

W=+(--+2(3+

Theproblemisto
urableg.usntities.Tn
problemby introducing
thedissipation“

expressthesefunctionsintermsofeasi3ymeas-
thecaseof isotropicturbulenceTaylorsolvedthe
themicroscal.eofturbulencel.,andobtainedfor

72
w=151b#- (10)

It isattprptedhereto c= overhissnalysistothecaseof
Chsmnelflow.Thefollowingassumptionshavetobemadeinthis
connection:

(a)Thegradientofthevelocityfluctuationsis‘smallh all.three
directions.Withtheexceptionoftheregionnesrthewallthisis
justifiableflmmthemeasurements.

.

“
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(b)Sinceonlycorrelationsof u’ havebeenmeasured,itIs
assumsdthatthecorrelationsof w’ asfunctionsof z (Ton&m&’s
f-function)havethessmecurvatureattheorigin (Y= Z = O) asthe
conelaticmof u~ hasas a functionof X; thatis,‘

(%0=(%)0 =->

Furthermorethecorrelationsof v’ asfunctions0? X and Z and
thecorrelationsof wt asfunctionEof x (TonKarm&l*s g-functions)
havethesamecurvatureattheoriginasthecorrelationof Ut hasas—
a functionZ;thatis,

(39’0=(?330=(%)0=%’-)0=-3
, “&’)o=(y)o=(Y)o
(c)Thecrossproductswerecalculatedusingsimilararguments;

thus,

.

.

. .
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Withtheseassumptionsthederivativesofthefluctuatioticould
le expressedintermsofthemeasuredvaluesof Xx, X.y,and ~:

Atthemiddleofthechannel
centimeterpersecondfor R

W turnedouttole 2.86ergspercubic
= 30,800.Usingtheisotropicrelatiori

thevalues2.88,4.38,smd2.24ergspercubic’centimeterpersecond
wereobtaineddependinguponwhether~, ~, or ~ wasused.
(Forthevalueof ~ thealgebraicmeanofthesquaresoftheflu+
tuationewasused.)”

Figure27 showsthedistributionof W inthecenterregionof
thechannel.Taylorobtaineda similardistributionofthedissipated
energyacrossthechannel(reference20);however,hisnumericalma#—
tudessmetoohighsincehe substitutedintheisotropicrelation,in
equation(10),thevaluesof ?I.y,whichturnoutto beless_ those
of & Emd ?bZ.

IYomthelmowndistributionsofthe-energyproduction@ dissi-
pationthediffusionof ener~ iseasilycalculatedfromequation(8).
It shouldbepointedoutthat%ecauseoftheappro~tions involvedin
thecalculationofthedissipationanddiffusionterms,theconclu.sionE
derivedfromthemaremoreorlessofa qualitativenature.It is seen
fromfigure27thatat $ ~ 0.7 theaiffusiontermiszero. Itwas

alsopointedoutearlierthatintblsregionthe~orrelations show
a considerablechemgein shapeindicatinga shiftinenergyfromthe
lowertohigherfrequenciesofthevelocityfluctuations.Thesetwo
factssugge~tthat{he
lowfrequenciesofthe

energydiffusionis-associatedmainlywiththe
fluctuations●

.—— - .-. ...— —. -— .-— —.. —.— -.-z. -—— .—. .—— — . . . ——. .—. — .— -
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TheequationexpressingtheMLanceofthethreeformsofener~
furnishesthefollowing~ictureoftheturbulentflowfieldh the
chennelwhereviscousdissipationis stillnegligible:Twoplanes
passingthroughyointswherethediffusionof ener~vsmishesdivide
thechannelflowintothreeP*S. J&omtheseplanesenergyisbeing
transportedtowardthechemnelcenterandthewsJls.Themiddleregion,
thewidthofwhichisoftheorderof ~, receivesmostofitsenergy
by diffusiveactionandthisenergyisdissipatedhereat a constant
rate. ~ thetwooutsideregionsallthreeener~termsincrease
rapidly,theproductiontermbeingthedominantone,andtheirintera-
ction ismoreinvolved. ,.

Thispictureoftheflowfieldisonlyofa.descriptivenature.
Thep~ose offurthertivestigationsshouldbe to obtaininformation
onthedevelopment”andmechsmismof suchm energybslsmce.

IocellyIsotropicCharacterofTurlulentChannBlFlow

TheconceptoflocaUyisotropicturbulenceobtainedbylGitmogoroff .
requiresthesmallereddiesinturbulentflowto approachisotropy.
Smallereddiessretheonestithlengthdhension Z mall compared
withthescsleofturbulenceL. Thesmallestchsracteridiclengthin

,

turbulentmotionisKcilmogoroff‘s q defbed as

where G isthetotaldissipatedener~. Clearly,to approachlocally
isotropicconditionsitisnecesssrythat

L>>TI

Itfollowsfromthis~othesis thatbeyondsufficientlyhigh
frequencies(oftheorderof ii’/q, say)no correlationsexistbetween
thecomponentsofthevelocibfluctuations.IIgure28 showsthemeas-

uredspectrumof u’2 as coqaredtiththespectmmof ~
at ~ = 0.4. It is seenthattheshesrspectrumtendsto zeroat a

d
frequencyofabout1500cyclespersecondwhile F~~ (n) stillhasa

detectablevalueat 5000cyclespersecond.Thisresultverifies
Kb3mogoroff’sassum@ion.It shouldbementionedthattheabsolute

U,v,(n) arevaluesof F—

theyrepresentthesmaU
wiresignal.

1

noteoaccurateas

differencebetween

thoseof Fu--(n)since .
twolargevaluesofhot-

.

—.. — .—-— .–—-.—. . . . . ---
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Itisto benotedthateventhoughlocalisotro~wasshownto
existh thechannelflow,thevaluesofthevariousvortici&

terms
n

* differappreciably,indicatingthattherelativemagni–
AJ2

tudes’ofthesetermsdonotconstitutea sensitivetestfortheexistence
oflocalisotropy.Thisisevidentfiomthecomparisonofthedistribu-
tions n?t?uY2(n)and n%(n) (fig.28). It isappsrentfromthe

figuresthata largepertofthe

froma frequencywelllelow1500
accordingto theshea?spectrum,
1500cyclesyersecond.

J’m’
contributionto n%’(n)dn comes

o
cyclespersecond..IOcelisotropy,
existsonlyabovea frequencyof

(30NCHJDINGREMARKS
.

.
Themeasurementspresentedhereconfirmthegeneralconceptions

concerningthemeanvelocityprofileina turbulentchmmel. Theetient. ofthelawlnsrsublayer,thevelocityprofileh thesublayer,emdthe
Over-allvelocitydistributionasmeas~edhereareingoodagreement
withgeneraltheoreticalexpectations.

,
Measurementsoftheturbulentfieldshowthatthehot+iretech– .

niqueiswellenoughdevelopedto giveconsistentresultsforthe
Intensitiesandcomelationfunctions.

Detailedmeasurementsofthevelocityfluctuationsinthedirection
oftheflow u’ werecarriedoutwellwithinthelaminarsublayer.It
wasfoundthatthesimilaritylawfor ti’/UT,where UT isfriction
velocity,holdsfairlywel~intheticinityofthewallandasa con-
sequencethemagnitudeof “u /u, where u islocalmeanvelocity,
approachesanabsoluteconstantatthewall(ap@rox.0.18)~thevalue
beingindependentoftheReynoldsnuder. Themagnitudesofthe
velocityfluctuations-normaltotheflowinthelateralandvertical
directions? and w! arenearlythesameinthemiddleregionof
thechannel,V increasingmorerapidlytowardthewall.

Themeasuredmickoscalesofturlxilence~, ~, sad ~ CO*
sistentlyshowa madmumat.$* 0.7, where y islateral&l&ance

>

(,

.

and d iShalfwidth
with 6’, indicating

centerportionofthe

*

ofthechannel;theyincreaseproporticmelly
a constantrateof energydissipation“W inthe

Utp
chamnelsinceW *—.~2

. . -.——.- -- —-—— .,.-— —-—- .-
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Thescalesofturbulence~ and ~ inthecenterregionare
independentofReynoldsnumleranddependonlyonthechannelwidth.
Theticroscal.es,however,showa dependencyontheReymold.snumber.

Fromthecalculatedmagnitudeoftheenergyproducedbythe
Shesrhgstressesandofthedissipatedenergy.a descriptivepictureof
theenergydiffusioninthecenterregionofthechannelisobtained.

Thespectrmnmeasurementsofthe-fluctuationstend.to hdicate
that ~(n) behavesas n-7 overa lmge bandinthehigh-frequency

region(whereFu~(n) isfractionofturbulentener~ associatedwith

bandwidth b and n isfrequency).’I&omthecomparisonofthe
v ~ ofWe tur~ent sheartheexistenceOf10Cal.‘ spectrumsof u~

isotropyinthechemnelflowisverified.

GuggenheimAeronauticalIaboratoq
CaliforniaInstituteofTechnology

Pasadena,Calif.~ September1,1949
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TA13i2EI.- lmMuREDVALUESOF THESPECTRUMOF U’2

F(n)
Frequenty (see)
(cps) ‘

g = 0.7.3 ~.
i = 1“0 y - 0.4 ~-Y - 0.1 : = 0.005

30 ‘---------- -------------------- ----------772x 10-5

[

786
40 561X 10-5 585x 10-5 571x 10-5 664x10-5 $:
50 ---------- ---------- ----------
60 349 464 ----------::::::::::$;

70 ---------- --_,------- ----------
{
373

80
----------345

273 252 3a!3 ‘ 309
90 ---------- ----------.----------______----

{
254

100
272

186 141 182.5 226 222
125 ----------

[

157-------------------- -----_----
150

150 95.4 77.3 91.6 140 109
114

175
{
86.5---------- ---------- ---------- ----------
74.9

200 68.2 52.6 56/8 97.2

I

63.6
63.6

250 23.1 37.9 45.8 64.9 38.6

{

38.0
300 33.9 23.5 32.2 44.8 23.8

400
34L6 25.6 34.7 51.3
19.8 15.0

21.5
19.17 25.2 8.03

500 18.9 8.09
600

U.25 15.5. 3.74
7.57 :.:6 7.6 12.5 1.83
5.27 5.14 8.73

i:
1.06

3.31 2;67 3.53 6.07 .531
900 2.29 1.T 2.51 4.04 .352
1000 1.50 1.08 1.76 2.99 .185
L200 .764 .677 1.01 1.80 .090
1500 .295 .257 .379 .787 .016
1750 .147 .16 .221. .422 .008
2000 .0832 .0584 .109 .224 .0039
2W0 .0192 .0186 .0487 .0873 .00102
3000 .00682 .00668 .0141 .0313 .000354
3500 .00196 .00272 .00492 .Oola
4000

.000133
.000855 .ooo7k

4500
.0021 .00435 .0000664

---------- .000608“ .00157 .0029
5000

-----------
.000170 0 .00052 .00117

g:
-----------

---------- ---------- ---------- .00062-----------
0 ---------- .000252 .000313

7000
-----------

------------------------------ .000109-----------
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Figure2.-Exitofchanne~
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=s3=
Figure3.-Travers@mechanism.

\ “-

=s=
Figure4.-Typicaloscillogramof u‘-fluctuationat R = 33,800and

y/d= 1.0.Horizontallinecorrespondsto u’(t)= O;intervalis
approximately1/20second.
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